Polyketides are one of the largest and most important groups of natural products. In spite of their structural diversity, the initial reactions of polyketide biosynthesis follow a common scheme that condensation of acyl primer with malonate extension units to form -polyketomethylene intermediates and their cyclizations catalyzed by so called polyketide synthases (PKSs) 1)
. Therefore, MSAS gene was used as a probe for screening of fungal PKS genes. Southern blot analysis of several fungal genomic DNAs with MSAS probe, however, showed a single hybridizing band in (+)-geodin producing strain of Aspergillus terreus. No homologous band was detected in genomic DNA of Penicillium cyclopium which produces orsellinic acid, C-4 hydroxylated derivative of 6-methylsalicylic acid. At the same stringency condition, no homologous bands were detected even in A. terreus when probed with the acyl carrier protein region of MSAS gene. This result indicated the presence of an MSAS like PKS gene in A. terreus, which is not quite identical to that of P. patulum. This A. terreus gene was named atX and cloned from the genomic DNA library. Nucleotide sequence and open reading frame analysis indicated the presence of 5.5 kb-long large open reading frame coding for 1803 amino acid polypeptide of 190 kDa. As was expected, the deduced ATX polypeptide sequence showed a throughout high homology with P. patulum MSAS.
In order to identify its actual function, expression of the atX gene in a heterologous host was carried out using fungal expression vector pTAex3 7) with -amylase promoter of Aspergillus oryzae.
The ATX expression plasmid pTA-ATX was constructed and was transformed into Aspergillus nidulans. From the induction culture medium of pTA-ATX transformant with starch, an acidic compound was isolated and identified to be 6-methylsalicylic acid by physicohemical analysis. Thus, the atX gene was identified to code for MSAS of A. terreus. In addition, the A. oryzae transformant with pTA-ATX showed production of 6-methylsalicylic acid more than 0.4 g per liter culture medium, indicating this fungal expression system is quite suitable for expression and functional analysis of fungal PKSs.
Aspergillus nidulans WA
The conidiophore formation in A. nidulans has been well studied at genetic level as a model system of multicellular development. The asexual spores, conidia, contain dark green pigments that The wA and yA genes were proposed to encode enzymes involved in pigment biosynthesis. The product of yA gene was identified to be a laccase that converts a yellow precursor to the mature green form. The wA gene product showed significant similarity with prokaryotic and eukaryotic PKSs and was assumed to be a type I multifunctional PKS for yellow spore pigment intermediate 8) . In order to identify the product of WA PKS, we tried to express the A. nidulans wA gene by the fungal expression system which was successfully used in ATX expression.
The wA expression plasmid pTA-wA was constructed and then introduced into the host fungus A. oryzae. From the induction culture of A. oryzae/pTA-wA transformant, three compounds were isolated. The colorless main compound was identified to be heptaketide citreoisocoumarin by physicochemical analysis and minor compounds were found to be its derivatives. This expression experiment identified that the wA gene coded for a heptaketide synthase of A. nudulans 9) . However, the expected product of WA PKS was a yellow pigment which could be polymerized by yA encoded laccase to green spore pigments. Thus, it was skeptical whether citreoisocoumarin and its derivatives were the true spore pigment intermediates. In the WA PKS, presence of tandem acyl carrier protein (ACP) motifs was reported. Similar feature is found in the reported fungal PKSs like PKS1 of Colletotrichum lagenarium 10) and STCA of A. nidulans 11) . Comparison of active site organization of these tandem ACP type fungal PKSs revealed that the WA PKS alone lacked thioesterase (TE) motif at its C-terminus and had shorter polypeptide length. To confirm this discrepancy, we carried out resequencing of the wA gene around the Cterminal region and found an error in the original sequence. The missing one base caused an apparent frame shift in the deduced amino acid sequence. The corrected WA PKS (NWA) has a longer polypeptide length with TE motif at its C-terminus. Thus, the previous expression plasmid pTA-wA lacked a part of WA C-terminus region.
To express the correct full-length WA PKS, a new expression plasmid pTA-nwA was constructed. residues in this C-terminus region showed that even a single mutation of S1967A or H2129Q caused production of isocoumarins. These results indicated that C-terminus region of WA PKS is involved in Claisen-type cyclization to form second aromatic ring of naphthopyrone YWA1 13) . Mycotoxins 138
Fig. 4 Citreoisocoumarin and YWA1

Colletotrichum lagenarium PKS1
The PKS1 gene was cloned from the phytopathogenic fungus Colletotrichum lagenarium which causes anthracnose of cucumber 10) . During the infection process, the fungus produces melanin which is essential for penetration into the host plants. The PKS1 gene could restore the melanization of albino mutants and its sequence analysis revealed that the gene encodes iterative type I PKS whose architecture is similar to that of the A. nidulans WA. Analysis of the blocked mutants showed that its 1,8-dihydroxynaphthalene (DHN) type melanin is biosynthesized via scytalone, 1,3,8-trihydroxynaphthalene, vermelone and DHN. However, no mutant was obtained which accumulated 1,3,6,8tetrahydroxynaphthalene (T4HN), an assumed initial precursor of DHN melanin. Thus, some ambiguities remained as to whether T4HN is the direct product of PKS1 PKS. The PKS1 was expressed in the heterologous fungal host A. oryzae under the starch-inducible -amylase promoter.
The main compound produced by the transformant was isolated and characterized to be T4HN as its tetraacetate. This result unambiguously identified the gene to encode a PKS of pentaketide T4HN 14) .
In addition, pentaketide -acetyl orsellinic acid was isolated as a byproduct of the PKS1 PKS 
Aspergillus fumigatus Alb1p
Aspergillus fumigatus causes allergy, noninvasive colonization, or life-threatening invasive pulmonary aspergillosis. A. fumigatus synthesizes its bluish green conidial pigment through a pentaketide pathway similar to the DHN-melanin pathway. Genetic and biochemical investigations have shown that biosynthesis of the conidial pentaketide melanin in A. fumigatus requires a six-gene cluster including the gene alb1 for PKS which was considered to be a T4HN synthase 16) . However, the Alb1p PKS shows higher sequence similarity to a naphthopyrone synthase WA than T4HN synthase PKS1. To clarify the function of Alb1p, the alb1 gene was expressed in a heterologous host A. oryzae under -amylase promoter. The product compound was identified to be a heptaketide naphthopyrone YWA1 instead of pentaketide T4HN 17) .
To understand how A. fumigatus uses a heptaketide synthase to initiate the biosynthesis of a pentaketide melanin, we explored the possible involvement of accessory protein(s) in the biosynthetic pathway. A novel protein, Ayg1p, was shown to be involved in the formation of T4HN by chain-length shortening of a heptaketide precursor in A. fumigatus. Phenotypic analyses of double gene disruptants suggested that Ayg1p catalyzes a novel biosynthetic step downstream of Alb1p PKS. Further genetic and biochemical analyses of the reconstituted strain carrying alb1, ayg1, or alb1+ayg1 indicated that Ayg1p is essential for synthesis of T4HN in addition to Alb1p PKS. Cell-free enzyme assays, using the crude Ayg1p protein extract, revealed that Ayg1p enzymatically shortened the heptaketide product YWA1 of Alb1p to T4HN. Thus, the protein Ayg1p was demonstrated to facilitate the participation of a heptaketide synthase Alb1p in a pentaketide pathway via a novel polyketide-shortening mechanism in A. fumigatus 18) . Mycotoxins 140
Fig. 6 DHN-melanin biosynthesis in Colletotrichum lagenarium
Concluding remarks
As mentioned above, several fungal iterative type I PKSs were successfully expressed in a heterologous fungal host A. oryzae and their functions were unambiguously identified. Also, expression of mutants led us to identify the role of C-terminus region of WA PKS. Detection of T4HN synthase activity enabled us to identify the starter unit and cyclization mechanism of T4HN synthesis.
However, detailed mechanisms were still remained unraveled yet how these iterative type I PKSs regulate choice of starters, condensation cycles, and aldol and Claisen-type cyclizations.
